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A b s t r a c t  
An i n  s i t u  f a t i g u e  l o a d i n g  s tage  
i n s i d e  a scann ing  e l e c t r o n  micro- 
scope ( S E M )  was used to  de te rm ine  
t h e  f a t i g u e  c r a c k  g rowth  b e h a v i o r  
o f  a PWA 1480 s i n g l e - c r y s t a l  
n i c k e l - b a s e d  s u p e r a l l o y .  The load-  
i n g  s tage  p e r m i t s  r e a l - t i m e  v i e w i n g  
of t h e  f a t i g u e  damage processes  a t  
h i g h  m a g n i f i c a t i o n s .  
The PWA 1480 s i n g l e - c r y s t a l ,  
s i ng le -edge  n o t c h  specimens were 
t e s t e d  w i t h  t h e  l o a d  a x i s  p a r a l l e l  
to t h e  (100)  o r i e n t a t i o n .  Two d i s -  
t i n c t  f a t i g u e  f a i l u r e  mechanisms 
were i d e n t i f i e d .  The c r a c k  g rowth  
r a t e  d i f f e r e d  s u b s t a n t i a l l y  when 
t h e  f a i l u r e  o c c u r r e d  on  a s i n g l e  
s l i p  sys tem i n  compar ison  t o  m u l t i -  
s l i p  sys tem f a i l u r e .  Two processes  
by  wh ich  c r a c k  b r a n c h i n g  i s  p ro -  
duced were i d e n t i f i e d  and a r e  d i s -  
cussed. A l s o  d i s c u s s e d  a r e  t h e  
obse rved  c r a c k  c l o s u r e  mechanisms. 
1 .  INTRODUCTION 
S i n g l e - c r y s t a l  n i c k e l - b a s e d  super-  
a l l o y s  a r e  b e i n g  u t i l i z e d  i n  
advanced t u r b i n e  eng ine  app l  i ca- 
t i o n s  and a r e  a l s o  c a n d i d a t e  mate- 
r i a l s  fo r  t h e  use i n  space s h u t t l e  
ma in  eng ines .  Due to t h e  c u r r e n t  
emphasis on  t h e  damage t o l e r a n t  
d e s i g n  f o r  t u r b i n e  eng ine  compo- 
n e n t s ,  t h e  u n d e r s t a n d i n g  o f  f a t i g u e  
c r a c k  g r o w t h  (FCG)  b e h a v i o r  o f  
these a l l o y s  has become i n c r e a s -  
i n g l y  more i m p o r t a n t .  
S i n g l e - c r y s t a l  a l l o y s  have a l s o  
been used f o r  fundamenta l  s t u d i e s  
o f  t h e  f a t i g u e  damage mechanisms. 
These a l l o y s  a r e  i d e a l  c a n d i d a t e s  
f o r  such s t u d i e s  s i n c e  t h e y  e l i m i -  
n a t e  number o f  problems encoun te red  
w i t h  p o l y c r y s t a l l i n e  a l l o y s .  I n  
p o l y c r y s t a l l i n e  a1 loys. t h e  f a t i g u e  
c r a c k  f r o n t  encompasses many g r a i n s  
o f  v a r i o u s  unknown o r i e n t a t i o n s ,  
w i t h  each g r a i n  i n d i v i d u a l l y  con- 
t r i b u t i n g  t o  t h e  o v e r a l l  FCG behav- 
i o r .  The measured f a t i g u e  c r a c k  
g rowth  r a t e  i s  an average o f  t h e s e  
c o n t r i b u t i o n s  and i s  a l s o  e f f e c t e d  
by t h e  i n t e r a c t i o n  o f  t h e  c r a c k  
f r o n t  w i t h  a m y r i a d  o f  g r a i n  bound- 
a r i e s .  These prob lems a r e  n o t  
encountered  when t h e  f a t i g u e  behav- 
i o r  o f  t h e  s i n g l e - c r y s t a l  a l l o y s  
a r e  s t u d i e d .  
I n  o r d e r  t o  o b t a i n  a b e t t e r  under -  
s t a n d i n g  o f  t h e  f a t i g u e  damage 
mechanisms, a f a t i g u e  l o a d i n g  s t a g e  
i n s i d e  a scann ing  e l e c t r o n  m i c r o -  
scope (SEM) was deve loped a t  NASA 
Lewis .  The smal l  l o a d i n g  s tage  
c o n s i s t s  o f  a s p e c i a l l y  des igned  
c l o s e d  l o o p ,  s e r v o h y d r a u l i c  l o a d  
frame mounted i n s i d e  a SEM. T h i s  
un ique  d e v i c e  p e r m i t s  r e a l - t i m e  
*NASA Res iden t  Research A s s o c i a t e .  
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v i e w i n g  of  t h e  f a t i g u e  damage p r o c -  
esses a t  h i g h  m a g n i f i c a t i o n s .  An 
a t t a c h e d  v i d e o  tape  r e c o r d e r  and 
m o n i t o r  a l l o w  r e p e a t e d  t e s t  v i e w i n g  
fo r  a more d e t a i l e d  e v a l u a t i o n  of  
t h e  p e r t i n e n t  f a t i g u e  mechanisms. 
The l o a d i n g  s tage  i s  d e t a i l e d  e l s e -  
w h e r e , ( l )  however a summary o f  t h e  
o p e r a t i o n a l  c h a r a c t e r i s t i c s  i s  
shown i n  Tab le  1 .  
The f a t i g u e  l o a d i n g  s tage was used 
t o  de te rm ine  t h e  f a t i g u e  c r a c k  
g r o w t h  damage mechanisms o f  PWA 
1480, a s i n g l e - c r y s t a l  n i c k e l - b a s e d  
s u p e r a l l o y .  
2 .  EXPERIMENTAL PROCEDURE 
Cas t  b i l l e t s  o f  t h e  PWA 1480 
s i n g l e - c r y s t a l  a l l o y  were o b t a i n e d  
i n  a near (100) o r i e n t a t i o n .  The 
nomina l  c o m p o s i t i o n  o f  t h e  a l l o y  
i s  shown i n  Tab le  2 .  S ing le -edge 
no tched  (SEN)  specimens o f  t h e  
geometry shown i n  F i g .  1 were 
machined u s i n g  e l e c t r i c a l  d i s c h a r g e  
mach in ing .  The faces  o f  t h e  SEN 
specimens were n e a r l y  p a r a l l e l  t o  
t h e  (001) o r i e n t a t i o n .  Pr ior  t o  
t e s t i n g ,  t h e  specimen faces  were 
p o l i s h e d  t h r o u g h  a 1-pin diamond 
p a s t e .  Two o f  t h e  f o u r  specimens 
were t h e n  e t c h e d  t o  r e v e a l  t h e  p r e -  
c i p i t a t e  s t r u c t u r e .  T e s t i n g  was 
pe r fo rmed  i n  t h e  l o a d i n g  s tage .  
Three o f  t h e  f o u r  specimens were 
t e s t e d  a t  a l o a d  r a t i o  R (minimum 
load/maximum l o a d )  o f  0.1 w i t h  t h e  
maximum l o a d  b e i n g  3110 N (700 l b ) .  
The o t h e r  specimen was t e s t e d  a t  
R = 0.5 w i t h  t h e  maximum l o a d  b e i n g  
2220 N (500 l b ) .  The t e s t i n g  was 
conducted  a t  room tempera tu re  a t  a 
f requency  of 10 Hz. The vacuum 
i n s i d e  t h e  SEM ranged from 1x10-7 t o  
5x10-7 to r r .  Tes ts  were s topped 
p e r i o d i c a l l y  t o  o b t a i n  h i g h  magni- 
f i c a t i o n  m ic rog raphs  of t h e  c r a c k  
f r o n t .  C rack  g rowth  measurements 
were o b t a i n e d  f o r  t h e  R = 0.5 
specimen and one o f  t h e  R = 0.1 
specimens, w h i l e  t h e  o t h e r  two spe- 
cimens were used t o  make genera l  
o b s e r v a t i o n s  o f  t h e  f a t i g u e  p roc -  
esses .  I n  a l l  cases t h e  c r a c k  
l e n g t h  was t a k e n  to  be t h e  p r o j e c -  
t i o n  of t h e  c r a c k  on t o  a p l a n e  
p e r p e n d i c u l a r  t o  t h e  l o a d i n g  a x i s .  
To ease t h e  d e t e r m i n a t i o n  o f  t h e  
c r a c k  t i p  l o c a t i o n ,  t h e  m ic ro -  
g raphs  were o b t a i n e d  t y p i c a l l y  a t  
t h e  maximum l o a d .  The c r a c k  t i p  
was t a k e n  t o  be t h e  f u r t h e s t  p o i n t  
where d i sp lacemen t  between t h e  two 
s u r f a c e s  was observed.  Some p o s t  
f a i l u r e  f r a c t o g r a p h y  was a l s o  
pe r fo rmed .  
3. RESULTS AND DISCUSSION 
3.1 Crack  P r o p a q a t i o n  Mechanisms 
The s u r f a c e  o b s e r v a t i o n s  r e v e a l e d  
two d i s t i n c t i v e  f a t i g u e  f a i l u r e  
mechanisms. When v iewed a t  low 
m a g n i f i c a t i o n s ,  t h e  c r a c k  g rowth  
was e i t h e r  i n  t h e  p l a n e  pe rpend ic -  
u l a r  to  t h e  l o a d i n g  d i r e c t i o n  
( " s t r a i g h t "  c r a c k  shown i n  
F i g .  2 ( a ) ) ,  or a t  an i n c l i n e d  
ang le  t o  t h e  l o a d i n g  a x i s  
( F i g .  2 ( b ) ) .  I n t e v e s t i n g l y ,  b o t h  
modes of c r a c k  g rowth  were some- 
t i m e s  encoun te red  i n  t h e  same spec- 
imen. For i n s t a n c e ,  on  one s i d e  
o f  specimen SC6 t e s t e d  a t  R = 0.5, 
t h e  c r a c k  grew p e r p e n d i c u l a r  t o  t h e  
l o a d i n g  d i r e c t i o n ,  w h i l e  on t h e  
o t h e r  s i d e  an i n c l i n e d  c r a c k  o f  
a p p r o x i m a t e l y  60" t o  t h e  l o a d i n g  
a x i s  was p r e s e n t .  
H i g h e r  m a g n i f i c a t i o n  v iews o f  t h e  
" s t r a i g h t "  c r a c k  r e v e a l  t h a t  i n  
r e a l i t y  t h e  c r a c k  f o r  t h e  most 
p a r t  p ropaga ted  on two compet ing .  
d i s t i n c t  s l i p  systems. T h i s  
p rocess  has a l s o  been obse rved  by  
Neumann(2) i n  a copper  s i n g l e  c r y s -  
t a l .  The p rocess  c o n s i s t s  of 
a l t e r n a t i n g  shear  decohes ion  a t  t h e  
c r a c k  t i p  on  two i n t e r s e c t i n g  ( 1 1 1 )  
t y p e  p l a n e s  c r e a t i n g  an " u n z i p p i n g "  
e f f e c t . ( 3 )  T h i s  f a i l u r e  mechanism 
r e s u l t s  i n  a c t i v a t i o n  of l a r g e  
number of s l i p  p lanes  a t  t h e  c r a c k  
t i p  as shown i n  F i g .  3. As a 
r e s u l t ,  a l a r g e  d e f o r m a t i o n  zone 
was fo rmed i n  t h e  c r a c k  wake. 
The p rocess  t h r o u g h  wh ich  t h e  
f a t i g u e  c r a c k  g rowth  on  an 
i n c l i n e d  p l a n e  o c c u r s  i s  somewhat 
d i f f e r e n t .  I n  t h i s  case o n l y  one 
(111)  t y p e  s l i p  system was a c t i -  
v a t e d  and t h e  c r a c k  tended t o  f o l -  
low i t  as shown i n  F i g s .  4 (a )  
and 4 ( b ) .  Very  few s l i p  p lanes  
were a c t i v a t e d  ahead of  t h e  c r a c k  
t i p ,  t hus  t h e  damage zone was v e r y  
s m a l l .  The a c t u a l  c r a c k  g rowth  
mechanism appears t o  be a combina- 
t i o n  o f  s l i p  damage on  t h e  a c t i v e  
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. 
(111)  p l a n e  due t o  t h e  r e s o l v e d  
shear s t r e s s e s ,  combined w i th  t h e  
t e n s i l e  s t r e s s e s  normal t o  t h i s  
p l a n e  wh ich  separa te  t h e  sur faces  
on  each s i d e  o f  t h e  s l i p p e d  and 
damaged m a t e r i a l .  When t h i s  t y p e  
o f  mechanism i s  o p e r a t i v e ,  i t  
becomes d i f f i c u l t  t o  l o c a t e  p r e -  
c i s e l y  t h e  l o c a t i o n  o f  t h e  c r a c k  
t i p  due t o  t h e  i n d i s t i n g u i s h a b i l -  
i t y  between t h e  areas  where o n l y  
s l i p  damage has o c c u r r e d  ve rsus  
a reas  where t h e  s e p a r a t i o n  of 
t h e  s u r f a c e s  has taken  p l a c e  
( F i g s .  4 ( a )  and 4 ( b ) ) .  A t  t i m e s ,  
t h e  crack-advancement mechanism 
a l s o  i n v o l v e d  l i n k i n g  o f  c r a c k s  on 
p a r a l l e l  s l i p  bands, as shown i n  
F i g .  5 ,  and a l s o  documented by Wu 
and Hoeppner . ( 4 )  
The s u r f a c e  o b s e r v a t i o n s  r e v e a l e d  
t h a t  t h e  f a i l u r e  mechanisms were 
m o s t l y  c o n f i n e d  t o  t h e  damage on  
t h e  ( 1 1 1 )  t y p e  s l i p  p lanes  i n  
agreement w i t h  f i n d i n g s  o f  
o t h e r ~ ( ~ ~ 6 )  f o r  n i c k e l  -based s i n g l e  
c r y s t a l s  t e s t e d  a t  room tempera- 
t u r e .  However, a p o s t  f a i l u r e  
a n a l y s i s  r e v e a l e d  t h e  presence of 
a n o t h e r  f a i l u r e  mechanism. A f r a c -  
t u r e  s u r f a c e  o f  one o f  t h e  f a i l e d  
specimens was e tched  and ana lyzed  
under  t h e  SEM. The e v a l u a t i o n  
r e v e a l e d  t h e  presence o f  c u b o i d a l  
f a c e t s  o f  t h e  s t r e n g t h e n i n g  p r e c i p -  
i t a t e s  on  t h e  f r a c t u r e  s u r f a c e  
wh ich  i s  i n d i c a t i v e  o f  (100) t y p e  
f a i l u r e  ( F i g .  6 ( a ) ) .  These r e g i o n s  
o f  p r o b a b l e  (100)  f a i l u r e  were 
p r e s e n t  on l y  i n  t h e  m i d - t h i c k n e s s  
o f  t h e  specimen t e s t e d  under r e l a -  
t i v e l y  low s t r e s s  i n t e n s i t i e s .  A s  
t h e  s t r e s s  i n t e n s i t y  i nc reased ,  t h e  
f a i l u r e  mechanism changed i n  t h e  
m i d - t h i c k n e s s  t o  t h e  ( 1 1 1 )  t y p e  as 
i n d i c a t e d  by  t h e  presence o f  t h e  
(111 )  f a c e t s  ( F i g .  6 ( b ) ) .  
3 .2  E f f e c t  o f  F a i l u r e  Mode 
on  FCG Rate  
The c r a c k  l e n g t h  ve rsus  c y c l e s  p l o t s  
o f  specimens t e s t e d  a t  a R r a t i o  
o f  0.1 and 0.5 a r e  shown respec-  
t i v e l y  i n  F i g s .  7 ( a )  and 7 ( b > .  
Specimen SC2, t e s t e d  a t  R = 0.1, 
e x h i b i t e d  macroscop ic  c r a c k  g rowth  
p e r p e n d i c u l a r  t o  t h e  l o a d i n g  a x i s  
on  b o t h  s i d e s  o f  t h e  specimen. The 
FCG b e h a v i o r  on  each s i d e  o f  t h i s  
specimen was s i m i l a r .  Specimen SC6 
t e s t e d  a t  R = 0.5 e x h i b  t e d  macro- 
s c o p i c a l l y  " s t r a i g h t "  c ack  g r o w t h  
on one s i d e  and an i n c l  ned c r a c k  
g rowth  on t h e  o t h e r  s i d e .  A t  
f i r s t ,  c r a c k  g rowth  was o n l y  
observed on t h e  s i d e  e x h i b i t i n g  
i n c l i n e d  g rowth  ( F i g .  7 ( b ) ,  
Side A ) .  However, once t h e  
" s t r a i g h t "  c r a c k  appeared on t h e  
o t h e r  s u r f a c e ,  i t  q u i c k l y  began 
g row ing  more r a p i d l y  t h a n  i t s  
c o u n t e r p a r t  on S ide  A ( F i g .  7 ( b ) ,  
S ide  6 ) .  FCG r a t e s  were c a l c u l a t e d  
on each s i d e  o f  t h i s  specimen as a 
f u n c t i o n  o f  t h e  c r a c k  l e n g t h  and 
a re  shown i n  F i g .  8.  The FCG r a t e s  
on t h e  s i d e  wh ich  e x h i b i t e d  
" s t r a i g h t "  c r a c k  g rowth  and d e f o r -  
ma t ion  on  t h e  m u l t i s l i p  s y s t e m s ,  
a r e  f a s t e r  t han  t h e  c r a c k  g rowth  
r a t e s  observed on t h e  o t h e r  s i d e  
where t h e  c r a c k  g rowth  was a t  an 
i n c l i n e d  ang le  and t h e  damaging 
s l i p  was m o s t l y  l i m i t e d  t o  one s l i p  
system. These r e s u l t s  i m p l y  t h a t  
damage mechanisms can have a s i g -  
n i f i c a n t  e f f e c t  on FCG b e h a v i o r .  
However, s i n c e  o n l y  s u r f a c e  obse r -  
v a t i o n s  and measurements were p e r -  
formed, i t  i s  n o t  c l e a r  how t h e  
subsur face  i n t e r a c t i o n  between t h e  
two a c t i v e  f a i l u r e  mechanisms 
i n f  1 uences t h e  obse rved  s u r f a c e  
FCG b e h a v i o r .  More work i s  
r e q u i r e d  t o  f u l l y  comprehend t h e  
r o l e  o f  these  f a i l u r e  mechanisms on 
FCG b e h a v i o r .  I d e a l l y ,  a d i r e c t  
comparison o f  b e h a v i o r  o f  a s p e c i -  
men e x h i b i t i n g  e n t i r e l y  i n c l i n e d  
c r a c k  g rowth  w i t h  one e x h i b i t i n g  
only " s t r a i g h t "  c r a c k  g r o w t h  i s  
d e s i  r e d .  
3 . 3  Mechanisms o f  Crack  B r a n c h i n g  
and Crack  C l o s u r e  
The observed mechanisms o f  c r a c k  
b r a n c h i n g  can be d i v i d e d  i n t o  two 
c a t e g o r i e s .  One c a t e g o r y  c o n s i s t e d  
o f  a secondary c r a c k  d e v e l o p i n g  a t  
or s l i g h t l y  beh ind  t h e  c r a c k  t i p  as 
shown i n  F i g .  9.  These c r a c k s  were 
u s u a l l y  formed on  t h e  s l i p  bands. 
The usua l  sequence o f  e v e n t s  con- 
s i s t e d  of s l o w i n g  down o f  t h e  c r a c k  
g rowth  r a t e  o f  t h e  ma in  c r a c k ,  f o l -  
lowed by  t h e  i n i t i a t i o n  o f  a n o t h e r  
c r a c k  s l i g h t l y  b e h i n d  t h e  c r a c k  t i p  
on t h e  o t h e r  compet ing  s l i p  system. 
The new c r a c k  t h e n  s t a r t e d  g r o w i n g  
r a p i d l y ,  l e a v i n g  i n  i t s  wake t h e  
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o r i g i n a l  c r a c k  t i p  wh ich  became i n  
e f f e c t  t h e  branched c r a c k  segment. 
The o t h e r  t y p e  o f  c r a c k  b r a n c h i n g  
mechanism encountered  c o n s i s t e d  o f  
a c r a c k  n u c l e a t i n g  ahead o f  t h e  
main  c r a c k ,  f o l l o w e d  by  t h e  c o a l e s -  
cence of t h e  two c r a c k s  s l i g h t l y  
beh ind  t h e  o r i g i n a l  c r a c k  t i p .  
T h i s  sequence o f  even ts  i s  i l l u s -  
t r a t e d  i n  F i g .  10. A s  shown, c r a c k  
n u c l e a t i o n  was preceded by  fo rma-  
t i o n  o f  a s l i p  band ( F i g .  10(a)  
and 1 0 ( b > ) .  f o l l o w e d  b y  an i n i t i a -  
t i o n  of ano the r  c r a c k  ahead o f  t h e  
c r a c k  t i p  on a p a r a l l e l  s l i p  band 
( F i g .  l O ( c ) ) ,  and f i n a l l y  t h e  
coa lescence o f  t h e  t h r e e  c r a c k s  
( F i g .  1 0 ( d ) ) .  Post f a i l u r e  eva lua -  
t i o n s  of some of t h e  even ts  
d e s c r i b e 0  above, r e v e a l e d  t h a t  t h e  
s u r f a c e  o b s e r v a t i o n s  can a t  t imes  
be m i s l e a d i n g .  What may appear on  
t h e  s u r f a c e  to  be the  i n i t i a t i o n  of  
an e n t i r e l y  new c r a c k ,  may i n  f a c t  
be t h e  s u r f a c i n g  o f  a b ranched,  
subsur faced ,  r e g i o n  o f  t h e  main  
c r a c k .  
Three d i f f e r e n t  mechanisms o f  c r a c k  
c l o s u r e  were observed t o  o c c u r  i n  
t h i s  n i c k e l - b a s e d  s u p e r a l l o y  s i n g l e  
c r y s t a l .  Due t o  t h e  h i g h  degree of 
t o r t u o s i t y  o f  t h e  c r a c k  p a t h ,  i n t e r -  
l o c k i n g  o f  a s p e r i t i e s  o c c u r r e d  i n  
t h e  c r a c k  wake as demonst ra ted  i n  
F i g .  l l ( a )  ( roughness  i nduced  c l o -  
s u r e ) .  Ano the r  method by  wh ich  
c r a c k  c l o s u r e  was found  t o  o c c u r  
was t h r o u g h  t h e  l o d g i n g  o f  d e b r i s ,  
fo rmed d u r i n g  t h e  f a t i g u e  p r o c -  
esses ,  between t h e  two c racked  s u r -  
f a c e s  ( F i g .  l l ( b ) > .  Crack  c l o s u r e  
was a l s o  found  t o  depend upon t h e  
mode o f  l o a d i n g  i n  t h e  c r a c k  seg- 
ments near  t h e  c r a c k  t i p .  T h i s  was 
p r o b a b l y  t h e  most common and impor -  
t a n t  mechanism o f  c r a c k  c l o s u r e .  
Segments o f  t h e  c r a c k  wh ich  exper -  
i e n c e d  mostly Mode I l o a d i n g  ( t e n -  
s i l e  t y p e ) ,  e x h i b i t e d  t h e  l a r g e s t  
c r a c k  t i p  open ing  d i sp lacemen ts  
(CTOD) and tended t o  rema in  open 
t h r o u g h o u t  most o f  t h e  l o a d i n g  
c y c l e .  O the r  segments, s u b j e c t e d  
to mixed-mode l o a d i n g  ( c o m b i n a t i o n  
o f  t e n s i l e  and shear ) ,  e x h i b i t e d  
much s m a l l e r  CTOD and were c l o s e d  
for c o n s i d e r a b l y  l o n g e r  p o r t i o n s  of 
t h e  l o a d i n g  c y c l e .  T h i s  b e h a v i o r  
i s  c l e a r l y  shown i n  F i g s .  l l ( c >  
and l l ( d ) .  The l a r g e r  magn i tude of 
c r a c k  c l o s u r e  o f  t h e  i n c l i n e d  c r a c k  
s u b j e c t e d  t o  mixed mode l o a d i n g ,  
may have c o n t r i b u t e d  t o  i t s  lower 
obse rved  FCG r a t e s  s i n c e  t h e  c r a c k  
t i p  was c l o s e d  f o r  l onger  p o r t i o n s  
o f  t h e  l o a d i n g  c y c l e .  
4. SUMMARY 
The i n  s i t u  f a t i g u e  l o a d i n g  s tage  
i n s i d e  a SEM has proven t o  be a 
p o w e r f u l  tool  i n  i d e n t i f y i n g  t h e  
f a t i g u e  f a i l u r e  mechanisms. U s i n g  
t h i s  too l ,  r e l a t i o n s h i p s  between 
t h e  measured FCG r a t e s  and t h e  
i n d i v i d u a l  f a t i g u e  f a i l u r e  mechan- 
i s m s  wer.e e s t a b l i s h e d  f o r  t h e  PWA 
1480 s i n g l e - c r y s t a l  n i c k e l - b a s e d  
s u p e r a l l o y .  The c rack  g rowth  r a t e  
was s u b s t a n t i a l l y  lower when t h e  
f a i l u r e  o c c u r r e d  on a s i n g l e  ( 1 1 1 )  
s l i p  system i n  csmparison t o  the  
m u l t i s l i p  f a i l u r e .  The d e t a i l s  o f  
two d i f f e r e n t  p rocesses  r e s u l t i n g  
i n  f o r m a t i o n  o f  c r a c k  b r a n c h i n g  
were obse rved .  Three d i f f e r e n t  
c r a c k  c l o s u r e  mechanisms were 
i d e n t i f i e d .  
The i n  s i t u  l o a d i n g  s tage  i s  
capab le  o f  p r o v i d i n g  q u a l i t a t i v e  
i n f o r m a t i o n  such as t h e  mode of 
f a i l u r e ,  as w e l l  as q u a n t i t a t i v e  
i n f o r m a t i o n  such as CTOD and t h e  
magn i tude o f  c r a c k  c l o s u r e  l o a d .  
Such i n f o r m a t i o n  i s  needed t o  
improve t h e  fundamenta l  unders tand -  
i n g  o f  t h e  f a t i g u e  damage p rocesses  
as w e l l  as l i f e  p r e d i c t i o n  method- 
o l o g y  o f  e n g i n e e r i n g  s t r u c t u r e s .  
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TABLE 1. - SEM LOADING STAGE CHARACTERISTICS 
Maximum c y c l i c  l oad ,  N ( l b )  . . . . . . . . . . . .  4450 (1000)  
Maximum c y c l i c  f r e q u e n c y ,  Hz . . . . . . . . . . . . . . . .  30 
Maximum t e m p e r a t u r e  (des igned) ,  "C ( O F )  . . . . . .  1100 (2000)  
Working d i s t a n c e  (room temp. s t a g e ) ,  mm ( i n . )  . . . . . .  25 ( 1 )  
U s e f u l  maximum m a g n i f i c a t i o n  ( h i g h  temp. s t a g e )  . . . . .  3000X 
Working d i s t a n c e  ( h i g h  temp. s t a g e ) ,  mm ( i n . )  . . . . .  55 ( 2 . 2 )  
U s e f u l  maximum m a g n i f i c a t i o n  (room temp. s tage )  . . . .  10 OOOX 
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FIGURE 1. - SINGLE-EDGE NOTCH SPECIMEN. 
( a )  NORMAL TO THE LOADING DIRECTION. 
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FIGURE 2. - CRACK PROPAGATION DIRECTIONS IN PWA 1480. 
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FIGURE 3. -HIGH MAGNIFICATION OF THE MACROSCOPICALLY STRAIGHT 




FIGURE 4. - GROWTH OF AN INCLINED CRACK, PARALLEL TO 
ONE SLIP SYSTEM. 
TED AND SLIP WAS RESTRICTED PRIMARILY TO ONE (111) 
SLIP SYSTEM. 
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FIGURE 5. - LINKING OF TWO SEGMENTS OF AN INCLINED CRACK. 
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( a )  LOW AK REVEALED AREAS OF (100) FAILURE. 
( b )  H I G H  AK REVEALED STRICTLY (111) FAILURE. 
FIGURE 6. - \ID-THICKNESS FRACTURE SURFACES. 
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FIGURE 7. - CRACK LENGTH VERSUS CYCLES 
FOR TWO PWA 1480 SPECIMENS. 
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FIGURE 8. - CRACK GROWTH RATE 
VERSUS CRACK LENGTH FOR SPEC- 
IMEN SC6 WHICH EXHIBITED TWO 
TYPES OF CRACK1 NG PROCESSES. 
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FIGURE 9. - CRACK BRANCHING NEAR THE CRACK TIP (MAXIMUM 
LOAD). 
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( a )  186 000 CYCLES. 
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( b )  188 000 CYCLES. 
FIGURE 10 .  - THE SEQUENCE OF CRACK I N I T I A T I O N  AND LINKUP OF 
S L I P  BAND CRACKS WITH THE MAIN CRACK (MICROGRAPHS TAKEN 
AT MAXIMUM LOAD). . 
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t c )  190 000 CYCLES. 
( d )  204 000 CYCLES. 
FIGURE 10. - CONCLUDED. 
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( a )  2220 N (500 LB).  
( b )  2220 N (500 LB). 
FIGURE 11. - THREE MECHANISMS OF CRACK CLOSURE ARE: ROUGH- 
NESS INDUCED (a). DEBRIS FORMATION ( b ) ,  AND THE EFFECT 
OF MIXED MODE LOADING (c )  AND ( d ) .  
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